Visualizing life on biomembranes by atomic force microscopy. Since its invention in 1986, the atomic force microscope (AFM) has become one of the most widely used near-field microscopes. Surfaces of hard samples are imaged routinely with atomic resolution. Soft biological samples, however, are still challenging. In this brief review, the AFM technique is introduced to the experimental biologist. We discuss recent data on imaging molecular structures of biomembranes, and give detailed information on the application of the AFM with two representative examples. One is imaging plasma membrane turnover of transformed renal epithelial cells during migration in viva, and the other is visualizing macromolecular pore complexes of the nuclear envelope of aldosterone-sensitive kidney cells.
detailed information on the application of the AFM with two representative examples. One is imaging plasma membrane turnover of transformed renal epithelial cells during migration in viva, and the other is visualizing macromolecular pore complexes of the nuclear envelope of aldosterone-sensitive kidney cells.
Mechanism of AFM
The optical resolution of the classical light microscope is limited by the wave-length of the visible light. The AFM circumvents this limitation. In principle, the AFM uses a cantilevermounted tip to sense the surface topology of a specimen [1] .
When the tip engages with the surface of the sample, the tip-surface interactions which could be either attractive or repulsive, cause the soft cantilever to deflect. Usually, the van der Waals force is dominant when the tip is close enough to the sample surface. AFM cantilevers with integral tips are microfabricated from silicon nitride with lateral dimensions of about 100 m and thicknesses of 1 rn. This geometry gives spring constants in the range of 0.1 to 1 N/rn. Thus, only extremely small forces of 1 nN or less are necessary to significantly deflect the cantilever and, thus, to trace nm-changes in the surface topography of the sample. Generally, in the AFM the sample is placed on an xyz translator and raster scanned below the cantilever-mounted tip. A laser beam generated in the head stage of the AFM is reflected from the gold-coated cantilever and picked up by a split photodiode, This deflection signal controls the z-motion of the xyz translator in a feedback ioop. Consequently, the cantilever can be maintained in a virtually constant deflection and, therefore, the force applied by the tip to the sample also remains constant. The laser-induced voltage applied to the z-segment and the prefixed voltages applied to the xy-segments are used to create a threedimensional image of the sample surface.
Promises and problems of the biological atomic force microscopy have been the topic of several excellent reviews [2-51. In our view, the interaction between tip and sample is the most critical issue, not just from the standpoint of understanding the imaging mechanism, but also because of possible sample deformation. As pointed out in one of the reviews [31, a major difficulty is that the © 1995 by the International Society of Nephrology effective contact area of the tip with the sample is not known, so the actual pressure exerted on the sample cannot be calculated and has been assumed to vary considerably during the scanning process. In general, the long-range van der Waals attraction is balanced by the hard-core repulsion between tip and sample [4] . Additional contributions stem from Coulomb interactions and from structural forces, such as hydration forces. On flat hard samples the lateral (xy) resolution of the AFM is near 0.1 nm and the height (z) resolution is about 0.01 nm. In contrast, the lateral resolution on biological material has been in the range ito 50 nm, depending on the sample. The limits of the resolution in biological specimens are not yet defined. Nevertheless, the AFM is a fascinating novel tool that must be continuously adjusted to the specific properties of the preparation during the experiment. Before leaving this brief methodological section and proceeding to a more biological one, we want to emphasize one important point when three dimensional images generated by the AFM are analyzed: in its broadest sense, the AFM translates the local mechanical properties of a sample into an optical image. If the sample is "hard" the image matches the surface topology. However, if the sample is "soft" (as is usually the case in biological samples), the viscoelastic properties of the sample contribute significantly to the image formation.
Imaging single protein molecules
This section discusses a few highlights demonstrating the potential power of the AFM technique. At the molecular level the AFM has been used to observe changes in protein shape when phosphorylase kinase binds its substrate, phosphorylase b [61. The images provided information about the spatial relationships between the two proteins in the complex. Neither crystallization nor elaborate sample preparation were needed to obtain the images. The AFM provided the molecular dimensions although it could not resolve more detailed structural features of the molecules. In another study, samples of supported planar lipid-protein membranes and actin filaments were imaged by AFM [71. Submerged in buffered solution, self-assembling of actin filaments could be observed. The process of the decoupling of the filamentous network from the surface upon changing the ionic conditions was imaged in real time. The study showed that proteins immobilized on lipid membranes can retain their functionality and yet are restricted enough to allow molecular resolution. The structure of isolated hepatic gap junctions was described by AFM [8, 9] , examining the effect of force on the molecular structure of the gap junctions. Remarkably, upon an increase in the force, the top membrane of the gap junction was completely removed, exposing the extracellular surface of the bottom membrane of the gap junction. Such "force dissection" revealed the hexagonal array of gap junction hemichannels. The membrane channels protuded 1.4 nm from the extracellular surface of the lipid membrane exhibiting a central pore with a diameter of 3.8 nm. In a more recent study, cholera toxin, both the B-subunit and the complete molecule, were imaged by AFM under physiological conditions with a resolution of better than 2 nm [10] . The molecules were incorporated into supported lipid bilayers that were stabilized by lateral crosslinking in both leaflets. A similar approach was used to obtain high-resolution surface images of Bordetella pertussis porin reconstituted in artificial bilayer membranes as two-dimensional crystalline arrays [11] . Imaged in buffered solution, the trimeric structure of the molecule could be clearly resolved. The monomeric components in the range of 2 nm could easily be identified. Finally, the cloned acetylcholine receptor expressed in Xenopus laevis oocytes was imaged by AFM [12] . The size of the individual channels, the angles between subunits, and the interchannel spacing were all compatible with the current model of the acetylcholine receptor. Since functional characterization of cloned proteins can be carried out in parallel by oocyte expression experiments, this approach indicates a way to correlate directly structure with function at molecular level in the same cell system.
Imaging the plasma membrane in vivo
Applying the AFM on cells in vivo leads to serious problems, mainly owing to the softness of the membranes and to the mobility of the molecular structures associated with the plasma membrane. This limits the lateral resolution to values in the range of 20 to 40 nm. Although imaging single molecules in vivo is not yet feasible, new information can be obtained at least at the subcellular level. The AFM was used to image directly hippocampal neurons and glia [13] . Using living cells it was possible to observe the movement of filaments beneath the cell membrane. Furthermore, by controlling the force applied to the scanning tip, nanosurgery was 924 Oberleithner et ci: Atomic force microscopy performed to remove neurons selectively from the culture substratum. Another paper reported the visualization of slow-moving waves on the surface of living lung carcinoma cells [141. The surface topography of live renal epithelial (MDCK) cells in culture was imaged at the submicrometer scale after neuraminidase treatment, an enzyme which partly degrades the glycocalix [15] . This procedure allowed us to disclose particles on the plasma membrane surface in size and shape consistent with proteomolecules. We imaged by AFM the lamellipodium of migrating renal epithelial cells in vivo [16, 17] . These Madin-Darby canine kidneyfocus [MDCK-F] cells were derived from parent MDCK cells that had been transformed by alkaline stress [18] . The MDCK-F cells (registered at the American Type Culture Collection, Bethesda, MD, USA) acquired through transformation an intracellular calcium oscillator which periodically releases calcium into the cytosol [19] . This event rhythmically stimulates a 53 pS plasma membrane potassium channel whose activity is associated with migration [20] . Cell migration itself originates at a specific region of the cell surface, the so-called leading edge. Various factors have been proposed to contribute to the propulsion of a cell over the substratum. Rapid turnover processes of cytoskeletal elements inside the cell as well as insertion of new plasma membrane at the leading edge of the cell are mechanisms that permit the extension of a cell in a given direction. Similar to the above-mentioned report using the AFM to observe fibroblasts during migration [14] , our goal was to image plasma membrane turnover and to resolve processes in vivo at the nanometer level. Figure 1 shows the tail of a migrating MDCK-F cell during locomotion. Three-dimensional images capture the process of tail retraction concomitant with the directed forward movement of the cell. Here are some technical details. Collecting clear images of the whole cell in motion turned out to be virtually impossible for several reasons: (1) scanning a cell surface area in vivo larger than 600 sm2 with 512 sean lines per image needs almost one minute at a scan rate of 10 Hz, (2) Larger scan rates, however, damage the live cell due to the high speed of the tip running across the sample. (3) Differences in height across the whole cell are relatively large so that, despite the application of extremely small forces, there is a good chance that the scanner tip becomes too intimately engaged with the plasma membrane and may finally damage the cell. In our hands, the AFMcan be safely applied to a live renal epithelial cell as long as the vertical force is kept below 10 nN. We scanned the tail of the migrating MDCK-F cell displayed in Figure 1 about 10 times until it had passed the field of view. [201) can be satisfactorily explained by lipid flow if one assumes that the entire membrane endocytosed in the lamellipodium is reinserted quantitatively into the leading edge [16] .
Imaging pores of the nuclear envelope The nuclear envelope separates interphasic chromosomes and the cytoplasm in eucaryotic cells and controls the transport of macromolecules (such as mRNA, polymerases, etc.) and inorganic ions between these two compartments. Trafficking between nucleus and cytoplasm occurs via nuclear pore complexes (NPC) located in the double-layered nuclear envelope. High resolution scanning electron microscopy combined with digital imaging techniques disclosed the basic architectural framework of an individual NPC [21, 22] . According to present models, each NPC consists of two coaxial rings, one at the outer nuclear membrane, one at the inner nuclear membrane, and a third ring with eight spoke regions located in between. Besides the so-called "central" channel, eight additional smaller channels have been detected on computed three dimensional maps of pore complexes [21, 22] . Recently, NPCs of nuclear envelopes isolated from Xenopus laevis oocytes could be imaged by AFM [23] . With a polyclonal antibody against the NPC protein gp 62 [24] , specific binding with the respective protein of the pore complex was immunolocalized and imaged [22] . We have recently tried to gain access to the structure, dynamics and function of NPCs by applying AFM and electrophysiology to nuclei of aldosterone-sensitive MDCK cells [24] . We imaged individual NPCs in situ, with emphasis on the visualization of the central channel.
By osmotic shock and detergent treatment the apical plasma membrane of MDCK cells, still forming a monolayer, was removed and the nuclear surface exposed. Figure 3 shows two images of the apical surface of one individual nucleus. The nucleolus is clearly visible as a light spot protuding from the center of the nucleus. Remnants of the cytoskeleton are visible in the close vicinity of the nuclear outlines. Reducing the scan area to about 8 m2 (square in Fig. 3A ) discloses individual NPCs on the nuclear surface (Fig. 3B) . For orientation, a minor portion of the nucleolus can be seen at the right upper corner of the image.
From such images the number of NPCs per nucleus can be calculated. We could observe that the nuclear envelope of a MDCK cell is equipped with about 1500 to 2000 NPCs, depending on the absence or presence of aldosterone, respectively, in the culture medium [251. A single NPC with its centrally located channel is displayed in Figure 4 . About 2,500 patches of the size of this scan area establish the nuclear envelope. The ring-like feature facing the cytosol is usually found more or less segmented.
Sometimes up to eight subunits can be detected, as proposed in the literature [21, 22] .
Previous work had established that a "central structure" is present within the NPC. It has been named the "transporter," as it appears to define the macromolecular transport channel for a variety of organic substrates [22, 26] . By studies applying threedimensional cryoelectron microscopy, an elongated, centrally tapered cylinder was visualized lending support to the so-called macromolecular lock hypothesis. In this model, it is suggested that substrate passage across the nuclear envelope may require gating mechanisms within the central channel [22, 26] . By AFM a structure inside the channel can be disclosed (Fig. 4B) . It is detectable already a few nanometers below the outer rim of the cytoplasmic coaxial ring. This structure could represent the cytosolic face of the transporter which is supposed to control transenvelope traffic of macromolecules.
There is increasing evidence that NPCs represent the substrate for the nuclear ion channels which had been recently discovered by patch clamp techniques in the nuclear envelope [27] . From electrical measurements we calculated a conductance value close to 1 nS per NPC [25] . This value is based on the number of NPCs per nucleus obtained by AFM and on overall nuclear envelope conductance obtained by microelectrode measurements. Combining the AFM with the electrical data leads to an interesting view concerning the potential function of NPCs: the central channel imaged by AFM is too large to account for the small single NPC conductance measured by electrical means [251. Therefore, it has to be assumed that a major portion of the central channel is electrically blocked along its vertical axis. Current data visualizing a putative nuclear pore transporter support this view [25, 26] .
Aldosterone seems to play an interesting role in regulating nucleocytoplasmic transport of MDCK cells. The steroid hormone increased within six hours NPC density in the nuclear envelope but left the biophysical properties of individual NPCs unchanged [25] .
Concluding remarks
The great potential of AFM for biological research has been firmly established over the past few years. It is not too optimistic to predict that membrane-associated macromolecules submerged in buffered solution will be particularly suitable specimens for
